Intrastrand thymine dimerization (Figure 1 ) is recognized as the most common process leading to DNA damage under ultraviolet (UV) irradiation. 1 The formation of thymine dimers has potentially important physiological consequences. This mutagenic photoproduct can disrupt the function of DNA and thereby trigger complex biological responses, including apoptosis, immune suppression, and carcinogenesis. [2] [3] [4] A very recent study 5 based on femtosecond time-resolved infrared spectroscopy showed that thymine dimers are fully formed around 1 ps after UV excitation. The authors concluded that this ultrafast photolesion rate points to an excited-state reaction that is nearly barrierless for bases that are properly oriented at the instant of light absorption. It was suggested that the low quantum yield of this photoreaction results from infrequent conformational states in the unexcited system. However, this study did not provide a mechanistic picture of the photoactivated thymine dimerization process.
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In this study, we have identified by quantum chemical calculations the photochemical pathway leading to the formation of the thymine dimer in the gas phase and characterized the funnel required for this ultrafast process. Our results show that, while the thermally induced [2 + 2] cycloaddition of two stacked thymines proceeds through a highly activated stepwise mechanism on the ground state, the photoreaction occurs via a barrierless concerted mechanism on a singlet excited state. The latter mechanism is nonadiabatic and takes place through an S 0 /S 1 conical intersection (CI), which is the funnel for ultrafast nonradiative decay leading to the thymine dimer (see Figure 1b) .
Time-dependent density functional theory studies 6, 7 showed a narrowing of the ground state (S 0 ) and first singlet excited state (S 1 ) energy gap along the thermally induced [2 + 2] cycloaddition reaction pathway. The first triplet state was also shown to possibly play a role in the dimerization, although at a slower rate than on the singlet excited state. However, this study did not consider the excited reaction path, and the channel for nonradiative decay to the ground state leading to the photoproduct was not identified.
Here, the complete active space self-consistent field (CASSCF) method was used to calculate the S 0 and S 1 electronic states of the two thymine molecules. The choice of the orbital active space and results obtained at the second-order perturbation theory (CASPT2) are given in the Supporting Information (Figures S1 and S2). Twelve electrons were distributed among twelve orbitals. The 6-31G* 8 and correlation consistent cc-pVDZ 9 basis sets were used for CASSCF and CASPT2, respectively. Geometry optimizations were performed in the full nuclear configuration space. However, since unconstrained geometry optimization of two stacked thymines yields a structure with an orientation unlikely to occur in the DNA strand due to steric tensions, we also reoptimized the reactant complex with the same constraints as used in refs 6 and 7 (C 5 -C 5 ′ ) 4.18 Å, C 6 -C 6 ′ ) 4.46 Å, and C 7 -C 5 -C 5 ′-C 7 ′ ) 35.3°as in B-DNA dodecamer 10 ). Optimized structures were fully characterized by analytical frequency calculation at the CASSCF level using a reduced active space. State-averaged orbitals were used for the CI optimization, and orbital rotation derivative correction (which is usually small) to the gradient was neglected. Single-point energy calculations were carried out at linearly interpolated structures between the Franck-Condon (FC) geometries and the CI to characterize the excited-state reaction pathway. All CASSCF and CASPT2 calculations were performed using Gaussian 11 and MOL-PRO, 12 respectively.
The ground-state potential energy profile for the thermal [2 + 2] cycloaddition of two stacked thymines is shown in Figure 2 . This process takes place through a highly activated stepwise mechanism, as expected from Woodward-Hoffmann rule 13 This potential energy profile clearly shows that the thymine dimerization cannot take place on the ground state.
Unlike the ground-state reaction pathway, the excited-state photochemical [2 + 2] cycloaddition takes place through a concerted mechanism (Figure 3 ). This barrierless process leads to a low-lying conical intersection, S 0 /S 1 -CI, where ultrafast nonradiative decay to the ground state is extremely efficient. Such a nonadiabatic pathway has already been found in the ethyleneethylene photochemical cycloaddition. 14 The structure of the CI is shown in Figure 1b . The two branching space coordinates that lift the degeneracy at first order are also shown in this figure. They both involve motion in the C 5 -C 6 -C 6 ′-C 5 ′ ring. The "peaked" topology of the CI suggests that upon decay to the ground state at S 0 /S 1 -CI the system can either evolve to the photoproduct S 0 -closed or reverse back to the original reactant S 0 -open. Inclusion of dynamic electron correlation at the CASPT2 level confirms the geometry and surface topology of the CI ( Figure  S2 in Supporting Information). Note that the FC region of the excited-state potential energy surface in the gas phase (shaded area in Figure 3 ) may not be relevant for the thymine dimerization in DNA because the DNA environment and dynamic electron correlation effects are expected to alter this part of the energy profile and the order of the states. Furthermore, initial population of other electronic states will lead to other decay channels (see discussion below).
In conclusion, we have identified and characterized the excitedstate reaction pathway leading to the formation of the potentially mutagenic thymine dimer in the gas phase. Our results show that the photodimerization can proceed via a concerted mechanism on a singlet excited state, which leads to an S 0 /S 1 conical intersection. Schreier et al. 5 suggest that there is a strong link between conformation before light absorption and photodamage. They suggest that the low quantum yield for thymine dimerization results from rare conformational states in the unexcited DNA strand. On the basis of the present study and the experimental observations, we speculate that photoexcitation within the DNA will lead to a spontaneous concerted [2 + 2] cycloaddition if the two neighboring thymines are at a configuration near the S 0 /S 1 -CI geometry. The low dimerization quantum yield suggests that such configurations are infrequent in the unexcited DNA. Furthermore, excitation at highly populated B-DNA configurations, that is, further away from the CI, may not lead to photodimerization, as alternative deactivation pathways, such as interstrand proton transfer 15a or out-of-plane deformation of a single thymine, 15b could be more easily accessible. In a follow-up study, we will address these competing photochemical processes in the DNA environment by means of QM/MM excited-state molecular dynamics simulations. 16 
JA073628J

C O M M U N I C A T I O N S
